Patients with ulcerative colitis (UC) experience unpredictable bouts of active inflammation and ulceration. Relatively little attention has been paid to the role of antiinflammatory mediators in the pathogenesis of UC, although rodent studies suggest an important role of prostaglandin (PG) D 2 in the resolution of tissue injury and inflammation. The present study was performed to determine if colonic PGD 2 synthesis was altered in patients in remission from UC and if expression of the key enzymes and receptors related to PGD 2 was altered. During routine colon-cancer screening, colonic biopsies were obtained from healthy individuals, some of whom had been in remission from UC, without treatment, for >4 y. UC patients with active disease or in medically induced remission were also biopsied. Only patients with active UC exhibited elevated expression of several proinflammatory cytokines (TNFα and IFNγ) and colonic PGE 2 synthesis. In contrast, colonic PGD 2 synthesis was only elevated (∼3-fold) in the healthy individuals with a prior history of UC. This group also exhibited significantly elevated expression of DP1, the key receptor mediating the antiinflammatory actions of PGD 2 . Expression of the synthetic enzymes cyclooxygenase-1, cyclooxygenase-2, and hematopoietic PGD synthase was not altered in the healthy individuals with a prior history of UC. These results show a marked up-regulation of synthesis of an antiinflammatory prostanoid and expression of its receptor, specifically in individuals in long-term remission from UC. This is consistent with animal studies showing the importance of PGD 2 in the induction and maintenance of remission from colitis.
Patients with ulcerative colitis (UC) experience unpredictable bouts of active inflammation and ulceration. Relatively little attention has been paid to the role of antiinflammatory mediators in the pathogenesis of UC, although rodent studies suggest an important role of prostaglandin (PG) D 2 in the resolution of tissue injury and inflammation. The present study was performed to determine if colonic PGD 2 synthesis was altered in patients in remission from UC and if expression of the key enzymes and receptors related to PGD 2 was altered. During routine colon-cancer screening, colonic biopsies were obtained from healthy individuals, some of whom had been in remission from UC, without treatment, for >4 y. UC patients with active disease or in medically induced remission were also biopsied. Only patients with active UC exhibited elevated expression of several proinflammatory cytokines (TNFα and IFNγ) and colonic PGE 2 synthesis. In contrast, colonic PGD 2 synthesis was only elevated (∼3-fold) in the healthy individuals with a prior history of UC. This group also exhibited significantly elevated expression of DP1, the key receptor mediating the antiinflammatory actions of PGD 2 . Expression of the synthetic enzymes cyclooxygenase-1, cyclooxygenase-2, and hematopoietic PGD synthase was not altered in the healthy individuals with a prior history of UC. These results show a marked up-regulation of synthesis of an antiinflammatory prostanoid and expression of its receptor, specifically in individuals in long-term remission from UC. This is consistent with animal studies showing the importance of PGD 2 in the induction and maintenance of remission from colitis.
inflammation | inflammatory bowel disease | eicosanoid | colon cancer A lthough the etiology of ulcerative colitis (UC) remains unknown, it is clear that interactions among a number of genetic, microbial, and environmental factors result in disregulation of the immune system (1). UC is characterized by unpredictable bouts of active disease and remission. Within a given cohort of UC patients, approximately one-half are in clinical remission at any one time (2) . Acute inflammatory episodes compromise mucosal integrity and are characterized by the mucosal infiltration of mast cells, lymphocytes, macrophages, and activated neutrophils (1). These cells are recruited in response to release of a variety of proinflammatory mediators. Although they can contribute to an amplification of the inflammatory response, there is accumulating evidence that they can also release mediators that trigger the activation of various antiinflammatory and proresolution circuits (3) (4) (5) .
Cyclooxygenase-(COX) and lipoxygenase-driven synthesis of lipid mediators has been the subject of much interest with regard to mechanisms of resolution (3) (4) (5) , a process whereby inflammation is actively switched off and healing of tissue injury is promoted. During this process, mediators are released that can modulate cytokine and chemokine levels and regulate leukocyte and monocyte trafficking (4, 5) . Inadequate production of proresolving mediators or the inability of these mediators to execute their antiinflammatory effects may exacerbate an inflammatory disorder and could represent an important stage in the progression from acute to chronic inflammation. To this end, the roles of prostaglandins (PGs) have received much attention because of their seemingly dichotomous nature. Whereas PGE 2 has been linked with the promotion of edema formation and pain (6), PGD 2 and its metabolite 15-deoxyΔ 12,14 PGJ 2 (15-PGJ 2 ) exert significant antiinflammatory effects (7) (8) (9) .
Rectal biopsies from patients with active UC have been shown to have elevated levels of PGE 2 , PGI 2 , and PGF 2α (10, 11) . In UC and experimental colitis, the predominant source of PGs seems to be COX-2 (12, 13) . Several studies of experimental colitis suggest important roles of PGD 2 in promoting the resolution of inflammation and long-term alterations in colonocyte and barrier function (7, 14, 15) , but little is known about the roles of this eicosanoid in human colitis. In the present study, we have examined PGD 2 levels in biopsies from UC patients, comparing them with those from healthy individuals who had no prior history of UC or those from healthy individuals who had experienced a prior bout of UC but had been in remission without medication for >4 y. We also examined transcript levels for the key synthetic enzymes responsible for PGD 2 production and inactivation and expression of the receptors through which PGD 2 exerts its effects. We observed a pronounced elevation of PGD 2 synthesis and DP1 receptor expression only in healthy individuals with a prior history of UC. In these individuals, as has been observed in animal studies, the elevated mucosal PGD 2 levels may contribute to the maintenance of colonic tissue homeostasis and possibly, also to an increased risk of colorectal cancer.
Results
Proinflammatory Cytokine Expression and Histology. Expression of mRNA for the proinflammatory cytokines TNFα and IFNγ ( Fig. 1 A and B) was significantly elevated in biopsies from patients with active disease. These findings were consistent with the level of macroscopic inflammation described at the time of colonoscopy (Fig. 1C Upper) . Biopsies from patients with active UC (Fig. 1C Lower) exhibited inflammatory infiltrates and crypt distortion/atrophy, whereas biopsies from healthy subjects showed normal mucosal architecture.
Colonic PG Synthesis. PGD 2 levels were significantly elevated (∼3-fold) in healthy individuals who had been in treatment-free remission from UC for more than 4 y ( Fig. 2A) . In contrast, the production of PGE 2 was elevated only in colonic biopsies from patients with active colitis (Fig. 2B ).
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COX-1 and COX-2 Expression. The expression of COX-1 mRNA did not differ among the treatment groups (Fig. 3A) , whereas expression of COX-2 mRNA was increased in patients with active disease compared with healthy subjects (Fig. 3B ).
Expression of PGD 2 Synthetic Enzymes and Receptors. As shown in Fig. 4A , there were no significant changes in hematopoietic PGD synthase (hPGDS) among the groups (this enzyme is essential for the conversion of PGH 2 to PGD 2 in immune and inflammatory cells). In contrast, expression of the catabolic enzyme, 15-PGDH, was significantly down-regulated in patients with active disease compared with healthy subjects (Fig. 4B ). Although this correlates well with an elevation in mucosal PGE 2 levels, it does not explain the increased level of PGD 2 present during long-term remission. This is an ongoing subject of interest in this lab, because we believe that PGD 2 plays an important role in the initial maintenance of mucosal homeostasis. The actions of PGD 2 are mediated through DP1 and DP2 receptors. We found that expression of DP1 receptor mRNA was significantly increased in healthy individuals with a prior history of UC (Fig. 5A ), but there were no differences in DP2 receptor expression among the groups (Fig. 5B ).
Immunohistochemistry. To verify the gene-expression changes of COX-2 and DP1 at the protein level, we used immunohistochemistry to assess their expression and localization in rectal biopsies. An up-regulation in COX-2 expression was evident in patients with active disease relative to biopsies from healthy subjects (± prior history of colitis) and UC patients with medically induced remission (Fig. 6 ). Staining for COX-2 expression was cytoplasmic and present in the apical and crypt epithelium. Immunostaining for the DP1 receptor revealed positive expres- Biopsies were from healthy subjects without (Ctrl) or with a prior history (Hx) of UC, UC patients with active disease, or UC patients in remission induced by 5-aminosalicylic acid (Sal) or immunomodulators/ biologics (Imm). Data were normalized to β-actin gene expression (n = 5-16; *P < 0.05). Representative endoscopic (C Upper) and histological (C Lower) images of colon mucosa from patients involved in this study (H&E staining). Superficial ulceration, granulocyte infiltration, and distorted/branching crypts are apparent in biopsies from patients with active disease, whereas those from the healthy subjects or those in remission appear normal. (Magnification bar: 100 μm.) Fig. 2 . Colonic mucosal prostaglandin D 2 (A) and prostaglandin E 2 (B) levels in biopsies from healthy subjects without (Ctrl) or with a prior history (Hx) of UC, UC patients with active disease, or UC patients in remission induced by 5-aminosalicylic acid (Sal) or immunomodulators/biologics (Imm). Prostaglandin D 2 levels were significantly elevated in the samples from healthy subjects with a prior history (>4 y disease-free) of UC compared with healthy subjects or UC patients with active disease and those in remission induced by 5-aminosalicylic acid. Prostaglandin E 2 levels were significantly elevated in biopsies from patients with active UC. Data are expressed as the mean ± SEM (n = 5-16; *P < 0.05).
sion in the connective tissue of the lamina propria as well as in cells of the crypt epithelium and in biopsies from normal subjects and from those with active disease, with the lack of expression in the crypt epithelium shown in the transverse sections (Fig. 6 Bottom panel).
Discussion
Previous animal studies have documented an important role of PGD 2 in reducing infiltration of leukocytes into the inflamed colon (7) and promoting resolution of inflammation and healing of damaged tissue (8, 9, 14) . In rats, colonic PGD 2 synthesis remained elevated for several weeks after resolution of colonic injury that had been induced by trinitrobenzene sulfonic acid (14, 15) . The elevated colonic PGD 2 synthesis, along with elevated expression of DP1 receptors, mediated some of the long-term consequences of colitis in rats, including elevated epithelial proliferation and an increased susceptibility to colon cancer (14, 15) . In the present study, we examined the synthesis of PGD 2 in biopsies of colon from patients with UC (active or in medically induced remission) and did not observe any significant changes relative to biopsies from healthy controls. However, PGD 2 synthesis and expression of DP1 receptors were significantly elevated in biopsies from a group of healthy individuals who had previously had UC. These individuals were indistinguishable, from a clinical perspective, from other healthy controls having colonoscopy performed as screening for colon cancer, except that they had, at least 4 y previously, experienced at least one bout of UC. These data, therefore, suggest that the same longterm increase in colonic PGD 2 synthesis that had been observed in rats after resolution of colitis (14, 15) also persists in humans long after resolution of colitis. As in rats, the prolonged elevation of PGD 2 synthesis in humans may have beneficial (antiinflammatory) and/or detrimental (increased predisposition to colon cancer) effects.
Although studies of inflammation have historically focused on the mediators that initiate and amplify the inflammatory process, in recent years, there has been a growing recognition of the importance of several chemical mediators in regulating the timely resolution of such reactions (3) (4) (5) 16 ). Mediators such as lipoxins, resolvins, annexin A1, and certain prostanoids serve as important stop signals, limiting leukocyte infiltration while coordinating the efflux of inflammatory cells (e.g., macrophages) from affected tissues (3) (4) (5) 16) . Interference with the resolution process can result in a progression from acute to chronic inflammation and impaired healing of tissue injury. In the context of colitis, it is noteworthy that lipoxin analogs have been reported to accelerate resolution in rodent models (17, 18) , whereas expression of annexin A1 has been shown to be elevated in human UC (19) and contribute significantly to mucosal healing in rodent models of gastrointestinal injury (20) .
As mentioned above, a role for PGD 2 in the resolution of experimental colitis has been shown in several studies (6, 14, 15) . This prostanoid has also been shown to be a critical mediator of the resolution of inflammation in experimental pleurisy (8) . In that study, PGD 2 derived from COX-2 was shown to be responsible for the reduction of leukocyte numbers in the inflamed pleural cavity. Inhibition of PGD 2 synthesis with a COX-2 inhibitor delayed resolution, whereas exogenous PGD 2 or its key metabolite (15-PGJ 2 ) reversed the effect of the COX-2 inhibitor. The effects of PGD 2 are mediated through the activation of two G protein-coupled receptors, DP1 (involved in the modulation of both innate and adaptive immune responses) (21) and DP2 (involved in the promotion of allergic inflammation) (22) . PGD 2 preferentially binds to DP1 (23) , and its activation is largely thought to be responsible for the antiinflammatory effects of PGD 2 . In the present study, in addition to an increase in mucosal PGD 2 synthesis, the biopsies from healthy individuals with a prior history of UC exhibited elevated expression of DP1 Fig. 3 . Quantitative RT-PCR analysis of COX-1 (A) and COX-2 (B) gene expression in biopsies from healthy subjects without (Ctrl) or with a prior history (Hx) of UC, UC patients with active disease, or UC patients in remission induced by 5-aminosalicylic acid (Sal) or immunomodulators/biologics (Imm). Data were normalized against β-actin gene expression (mean ± SEM, n = 5-16; **P < 0.01). receptors but not of DP2 receptors. The elevated expression of DP1 is consistent with an antiinflammatory role of PGD 2 in the mucosa. As reported in models of self-resolving inflammation (9) and experimental colitis (7), the use of selective inhibitors of DP1 has been shown to abrogate the protective effects of PGD 2 , resulting in an increase in inflammatory-cell infiltration and an imbalance in pro-and antiinflammatory cytokines. However, some of the long-term detrimental effects of PGD 2 after resolution of colitis in rats, which included enhancement of epithelial proliferation and increased barrier permeability, could be reversed by treatment with a DP1 receptor antagonist (14) . Likewise, the increased susceptibility to chemically induced colon cancer in rats that had recovered from a bout of colitis was reversed by treatment with a DP1 receptor antagonist. This latter detrimental effect of PGD 2 may be caused, in part, by an enhancement of epithelial proliferation induced by its metabolite, 15-PGJ 2 , which has been shown to activate peroxisome proliferator-activated receptor γ (24). Some of the antiinflammatory properties attributed to PGD 2 may similarly be attributed to actions of this metabolite, which has been shown to exert potent antiinflammatory effects in animal models (8) .
Consistent with previous studies (25, 26) , we observed that PGE 2 synthesis and the expression of several proinflammatory cytokines (TNFα and IFNγ) were elevated in biopsies from patients with active disease but not in those who were in remission. Somewhat surprisingly, we did not detect significant changes in mucosal expression of COX-2, which is the major source of PG synthesis in inflamed mucosal tissue (12, 13) . Of course, this does not rule out the possibility of increased COX-2 activity, as opposed to expression, or the possibility of elevated activity of phospholipase A 2 , which can liberate the precursor of PG synthesis (arachidonic acid) from membrane phospholipids. Increased expression of group II phospholipase A 2 has been reported in UC (27) . Like most eicosanoids, PGE 2 is rapidly metabolized in the local milieu. The key enzyme responsible for the inactivation of PGE 2 (and other PGs) is NAD + -dependent 15-hydroxyprostaglandin dehydrogenase (15-PGDH). We observed a marked decrease in expression of this enzyme in the patients with active UC, which may have contributed to the higher mucosal levels of PGE 2 in that group.
In summary, this study has documented an increase in colonic mucosal synthesis of a proresolution mediator, PGD 2 , and expression of the receptor that mediates its antiinflammatory effects (DP1) specifically in a group of healthy individuals with a prior history of UC. It is possible that the elevated PGD 2 synthesis contributes to the maintenance of remission in these individuals. These results are consistent with studies of rodents in which prolonged elevations in PGD 2 synthesis were observed after resolution of colitis. The animal studies further showed that elevated PGD 2 synthesis contributed not only to resolution of inflammation but also to long-term alterations in epithelial function, some of which may have contributed to an increased susceptibility to colon cancer. It remains to be determined if the elevated PGD 2 synthesis observed in healthy individuals who had been in remission from UC similarly contributes to the known increase in incidence of colonic cancer in this group of patients.
Methods
Patients and Tissue Samples. Colonic mucosal biopsy samples were obtained during diagnostic colonoscopy of patients from two broad groups: healthy individuals who underwent colonoscopy for routine colon-cancer screening and individuals with UC. Each of these groups had subgroups. In the case of the healthy individuals, some had no history of UC (control group; n = 12 females and 4 males; mean age = 51 ± 9 y), whereas others had been diagnosed previously with UC but had not experienced any bout of disease or required any medication for UC for at least 4 y (prior history of UC group; Fig. 5 . Quantitative RT-PCR analysis of DP1 (A) and DP2 (B) receptor gene expression in biopsies from healthy subjects without (Ctrl) or with a prior history (Hx) of UC, UC patients with active disease, or UC patients in remission induced by 5-aminosalicylic acid (Sal) or immunomodulators/biologics (Imm). DP1-receptor gene expression was significantly elevated in the samples from healthy subjects with a prior history (>4 y disease-free) of UC. Data were normalized against β-actin gene expression (mean ± SEM, n = 5-16; *P < 0.05). Fig. 6 . Expression of COX-2 and DP1 receptor in biopsies from healthy subjects without (Ctrl) or with a prior history (Hx) of UC, UC patients with active disease, or UC patients in remission induced by 5-aminosalicylic acid (Sal) or immunomodulators/biologics (Imm). Cytoplasmic COX-2 expression (Top two panels) was present in the apical and crypt epithelial cells and upregulated in patients with active disease. Immunostaining for DP1 receptor (arrows) showed expression in the connective tissue of lamina propria and in crypt epithelial cells, depicted in the longitudinal and transverse sections, respectively (Bottom two panels). Reduced DP1 expression was observed in patients with active disease. Images are representative of each treatment group and were taken at 100× for longitudinal biopsy sections stained for COX-2 and DP1 and 200× and 400× for transverse biopsy sections stained for COX-2 and DP1, respectively. (Magnification bar: 100 μm.) n = 6 females; mean age = 47 ± 11 y). The patients with UC were subdivided into three groups: those who had active disease (n = 5 males and 3 females; mean age = 43 ± 16 y) and those who were in clinical and endoscopic remission while on maintenance therapy with either oral/topical 5-aminosalicylic acid (n = 4 males and 5 females; age range = 44 ± 13 y) or immunosuppressive/biologic therapy (n = 4 males and 1 female; mean age = 40 ± 11 y). Details regarding patient characteristics, such as gender, age, and clinical activity, were obtained from medical records. Mucosal biopsies were taken from the left colon in close proximity to biopsies used for assessment of histopathology. Samples intended for quantitative PCR or PGD 2 measurement were stored at −80°C until ready for use. Samples intended for PGE 2 measurement were kept on ice (4°C) before processing, whereas those used for immunohistochemical analysis were fixed in 10% neutral-buffered formalin. The measurements of PGD 2 and PGE 2 were performed as described previously (14, 28) .
This study was approved by the Ethics Committee at the University of Calgary. Each patient gave their written consent before participation in this study, and all experiments were conducted according to the principles expressed in the Declaration of Helsinki.
Quantitative PCR. Total RNA from colonic biopsies was extracted using the RNeasy Mini Kit (Qiagen) according to manufacturer's instructions. For geneexpression studies, two-step quantitative PCR was used, as described previously (29) . Bioinformatically validated high-efficiency primer assays for human TNFα (NM_000594), IFNγ (NM_000619), COX-1 (NM_000962), COX-2 (NM_000963), DP1 (NM_000953), DP2 (NM_004778), hPGDS (NM_014485), 15-PGDH (NM_000860), and β-actin (NM_001101) were obtained from Qiagen. All data were analyzed using cycle threshold values obtained from Realplex software (Eppendorf), and amplification and relative quantification of gene products were determined by normalizing target genes against the housekeeping gene β-actin.
Histology and Immunohistochemistry. Biopsies from four patients from each group were used for histological and immunohistochemical examination. For histology, 5-μm-thick serial sections were processed by routine methods and stained with H&E. For immunohistochemistry, the sections were deparaffinized in xylene, rehydrated in graded concentrations of ethanol, and then incubated in 3% H 2 O 2 for 15 min to block endogenous peroxidase activity. The antigen was exposed by steaming the sections for 30 min in 10 mM trisodium citrate buffer (pH 6.0)/0.05% Triton X-100. Sections were incubated with either polyclonal anti-COX-2 (1:500 dilution; Cayman Chemical) or monoclonal anti-DP1 (1:1,000 dilution; Cayman Chemical) antibodies overnight at 4°C. The bound antibody was visualized by avidin-biotin-peroxidase detection using the Vectastain Elite ABC kit (Vector Laboratories), according to the manufacturer's instructions. 3-3′ diaminobenzidine (DAB; Vector Laboratories) was used as the chromagen.
Statistical Analysis. Data are presented as mean ± SEM. Comparisons among groups of data were made using a one-way ANOVA followed by the KruskalWallis test. An associated probability (P value of less than 5%) was considered significant.
